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COMPTON SCATTERING INDUCED BY RELATIVISTIC ELECTRONS

Yu. P. Ochelkov and V. M, Charugin

Introdiiction

In high luminosity cosmic sources such as quasars, galactic nuclei, and
pulsars, there is a high density of radiation and relativistic electrons. When
these induced processes begin to play a role in this they become substantial
when the brightness temperature of the radiation exceeds the kinetic temmerature
of the radiated electrons. The effect of induced processes in radiation in a
magnetic field in the form of radiation spectra and electrons and also electron;
energy losses have been well studied. The génerally accepted explanation of
radiation spectrum bending in the low frequency area of a number of cosmic radio
emission sources is that of synchrotron reabsorption of the radiation, that is,
induced absorption in a magnetic field. However, where there is a high radiation
density the compton scattering of photons by relativistic electrons and induced.

processes connected with the scattering also becomes significant.

A number of papers have been written recently on induced Compton scattering.
[N s FO—
The effects of induced scattering by nonrelativistic electrons on the SpectrumL

“of the sources and electron heating have been studied in [1 ] It is shown

that this effect may lead to a significant distortion of the first spectrum and
to heating of the electrons to relativistic temperatures. The present article =
is devoted te a study of induced Compton scattering by relativistic electrons

as one of the processes playing a.role in high luminosity cosmic sources, and i#s

influence on the radiation spectrum and enerpgy losses of electrons.

We shall restrict our consideration to the case of isotronic distribution

of radiation and electrons. We shall also confine ourselves to the classic |

' Thompson approximation, that is, for scatter1ng we shall consider only the

Dopplerjshlft of the photon energy, while neglecting the yleld of the Doppler}

shift [3, 4].

*Numbers in the margins indicate pagination in the foreign text.



Scattering Probability . /8

For induced Compton scattering it is.neéessary to take into account scatter-

ing of both increased energy (frequency) and of reduced photon energy. Then

lthis scattering takes place with increased photon energy, when 8, < 01, and with
reduced energy, when 65 > 81. 81 and 6, are the angles between photon impulses
up to (k) and after (K;) the scattering and the electron pulse P. In thg ‘

7 firstjcase the electron loses energy and in the second it bends. In the approxi- |

Imation we are examining the probability of formation of a photon of energy

Ep for scattering by an electron of energy E of a photon with energy e is

defined by the formula {

WE ¢ s,.) 5 jf ;cae)mn;.,/o)g/ ‘5""’“ }a’-W’J?r { (1)

The cross-section of Compton scatterlng is of the form [4],
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where © is the angle between pulses of Ehglincident.and scattered vhotens.
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~However, it is simpler to obtain W by using the expression for this probability

"> in the region e 58, < 4% %2 obtained in‘[S]

v/ffu) ¢ f,e/ S5, . HEfloltrrd @)
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In fact, from the principle of partial equilibrium (the probability of the
direct process 1s equal to the probabiliiy of the reverse process) it follows

that S

W(BiB R) = h///?-,& Br).

. Averaging over the angles Q(p} and @(k) and performing summation over all the
finite states of the photon and electron with energies ep and E respectively

we get
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Taking into account the law of conservation of energy for scattering and the /9

fact that in our--approxiénation-"ep - € << E, for this probability we have

Wik es)= WEs ) | NG

The probability on the lefthand side of the equation describes scattering with

decrease in the photon energy (ep < e}, and the righthand side incorporates

- expression (2) in whiech £ and ep change places. From (3) it follows that

" the total probability over the entire range of scatterlng frequenc1es 15 deter-
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Expression (4) satisfies the principie of partial equilibrium (3) and should be
used when analyzing induced Compton processes. This expression for probability

differs from that obtained in {4]. As was to be expected, the total probability

“equals

Jwrg ,J,/f = ec67. |

Probability (4) vanishes for boundary values of scattered quantum energies.

- According to (4) the density of scattering by one radiation electron (in

spontaneous scattering) is pr0port10nal to

[ ; Sy
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. Photon Transfer Equation

In a medium which is optically thin for Compton scattering (an area with
dimensions L), 26 =*5‘7§§& <<]l, where N is the total density of the relativistic

electrons, the transfer equation for phqtoﬁ,density assumes the form [5, 6, 7, 8] /10
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Here N(E) is the density of relativistic electrons per unit energy.interval.
-W(E,sl,g) is determined by formula (4)., The first member in (5) describes the
Spontancous scattering and the second the balance of induced processes on scat-

tering, Expr9551on (5) may be rewritten in the form

j; n) - ‘/_' v P YK ; j (6)j

fHerecl + and d/ are coeff1C1ents of spontaneous radiation for scatterlng respect—
ively for ¢ > ¢ and e < eh, 1 f%+ and f%- are the coefficients of osciliation

and attenuation of the radiation

A

e
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‘It is easily seen that ﬂéabvfée ;47)(%, hence u+ 1s always negatlve and descrlbes'"f]
radiation absorption, whlle L is always positive and describes radiation ampli-
fication (see also [6]). However, it should be noted that such amplification

has nothing in common with radiation oscillation (negative reabsorption),

‘which the electrons give up their radiation energy. In this case the electrons

give up their radiation energy. In this case the electron always gains energy
- ‘as a result of induced processes, as will be shown on thé:following'page. The
radiation amplification in the low energy region is explained by the fact that
-photons, which are bosens, have a tendency to accumulate in the states with

the least energy. The coefficient p = p+ - may be either positive or

?TﬁhefiégﬁgaEﬁffdﬂ]coefficient is equal to u,and the optical! thickness for
for Compton reabsorption is determined by the relation t = =L,

(})4



i
negative depending upon the specific form of the diétribution of the photons™ .

. ) 1o
and electrons. Thus in (7] if we substitute ¥ = ‘19472 and in (8) % =_§- %;2,
- when we get t
(i#c{/ﬁﬁﬁtgép/Q4; Jﬁgé/rjfwx
iFe :

‘—f*““‘“:w - | (11)
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Since the expression in the braces is always greater than zero, then u > 0, if
'n(e) increases as e increases; u < 0 if n(e) decreases as & increases; p = 0

1f n(e) = Const. The conclusions presented are 6nly correct for the case

in which n{e)} behaves in the way indicated over the entire interval of ‘

energles szgf !_ijgigyfor all electron energles

Let there be at the initial moment monochromatic radiation w1thaWQj-*ﬂQ%§£J i

then the solution to equation (6) may be written #n the form

g

|
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f r?(:) 26 .| (12)
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In order to represent the solutlon of (12) clearly, let us consider the case of .

'the thermal spectrum of electrons of temperature Te

TET = A5

By using (6), (7)., (8), (9), (10] it 15 easy to show that

[ el 0 ” 1
o ('__‘_‘_) e -a) ,-'(_13;)?

Consequently, in an optlcally dense aréa we have

L‘,_,_‘
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:Ihis coincides with the Rayleigh-Jeans formula for thermal.radidtion Qith a ﬁ
temperature equal to the temperature of the electrons. Thus induced scattering,
leads the system of radiation and relat1v1st1c electrons toward thermal
equilibrium [2, 4, 5, 9, 10]. 7

. For monoenergetic distribution of electrons N(E} = N&(F - Egj the'COmpton <
scattering in the optically dense case and for e»> g, vields the following !

radiation picture (the subscript zero for electrons is omitted below):

_,_\ J}-‘-‘;’ 5“%&—}—} [«-X' A:’Zme “‘;‘;:,‘ ﬁ,lz,\i! , (14}J
‘ | |
‘- bz +.fjb’(“mﬁ,,) = _ S
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T6 is the brightness temperature of radiation Wlth energy .. In the latter
parts of equation (14) the exact expreSSLOn for Eo‘j e is substituted for

the asymptotic one when R ) ' o 7
m} It Tl t.Z' z;:-‘ L;f_; 6.49#2.!'&’1"/) |
(he)¥ (’j:*aﬁrﬂ-21154r4#1ﬂ%zv{&k? )N

The brightness temperature of the rad1at10n in the region e » o %s equal to
"/Z; . £ (x-2x dg,;&ffzrf’nrf/} i

———
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‘In the two limiting cases we have
e T e — .
Kk f? for ? = 40,
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In the latter case the radiation brightness temperature is inversely prOportlonal
-to the photon energy, that is, as in the Sggiggfff7th1n case the radiation
intensity in the range € > eo 1s proportional to the radiation frequency.

This result differs radically from the results for sources with synchroton
reabsorption, in which for monocenergetic distribution of electrons, as for

Maxwellian distribution, the intensity of radiation in optically dense areas has



a Rayleigh-Jeans spectrum with a temperature Tg = E. Analogous in’tens;Lty cal-
- culations in energy region & < g5 yield. ST J /ﬂ,p o ;
n(')“ ey (e ) Jﬁrjk’ i
PR R | ,/ RN e
y - ‘ -4

,l\;q

£
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T fete i ’for e !

o= 4
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The maximum value of pu- is reached when g = %—2, as ¢ and p- ~¢e Z,
Under real astrophysical conditions the distribution of electrons mav be
| approximated by the followmg expressmn [6]:
' £ .4
ME) = JKE, for| £ ] '
/%'[ £ fofjf) £ f .
For such a distribution we have : - ‘
O s |
(s e ¥ el
! -24
S Fual £ & /-’ﬂ*‘/ c@;,) (x:;) forf<a«f4/ ,
! Birer & -
s C(‘”"j"ée_ﬂﬁr/m B fork?’"/:“"’ <
for Loy B
3,%;5%}"’2"[—/ ’ﬂr £ }9‘/&'% FewfyE T
F(w ) ~'1 is the spectral index function. From the formulas obtained it
is evident that for photons of energies # 2 £ << Pt 'f:n""?i)‘l_arii_i] *-' 'ﬁfﬂ;’it’e'.¢‘ g“i?
« . .ut and - | differ from the expressions for the thermal Spectrum (13} only
- "in the Eﬁermal factor. /u+/ hasMax1mwn value forieae,. which equals
¢ 204 fnlp |
/ﬂ'L *Yamz Tl / £ (15,
i- coincides in absoclute value wlth ﬁ+ in the ;éEIDE erv€o and has the maximum
value when
() = 5"’ ¢ 7. 2%
“.ﬁ "0 ‘ £-
| | ) (16)
u- rapidly decreases at lower photon energies. P 71_\
[ A2
_ The radiation intensity in the optically demnse case for, ..« 4;_&‘,‘}Mébriﬁcid7{5““|

within the accuracy of the numerical factor with the thermal radiation intensit.\;'.

7



'rn gjydlnten31tvzo;na)uae i b, as for svnchroton radlatlon If the {
electron spectrum has a break for energies E = E_, that is, N{(E} = C when E <« B,

~as is very often assumed in analyzing radlatlon mechanisms, then the radiation

_intensity in the low energy region Eck
2

would be proportional to e, and

'not to g

The energy loss of electrons for induced Comnton scattering may be obtained

if expression {(5) is multiplied and integrated with respect to ¢ over the entire

admissible interval of photon energy. In this case we must set ﬁﬁzj: L)

ﬂ p es‘f_s m(,) E‘F’;:/nrrgﬂr?}ﬂf }%j*m?u}ékg’g:w' | f

The flrst term on the right descrlbes the spontaneous Compton losses; quanta

of energy S -
. L 2 E
- o= & ﬁé%n. |

\dare formed mainly in this process. The second term describes losses for induced
scattering. The characteristic energies of scattered quanta are determined by |

' the interval of photon energies, in which it is ﬁecessary to take induced séat-
tering into account. In deriving {17) we took iﬁto account the properties of

ing scatterlng wlth increase’in the energy of the scattered photons As 1is

to be seen from (17) in the isotropic case 2 ‘Cﬁ for any forms of photon /18

distribution. 1In fact since 4;" SXEE ’1 , then

. ?%_ [E"Wé‘.’fy;}éﬁfg.”—’-"g?fﬁ,4,1}*.2 ,ﬂg’z},r.!f‘ (g,i..f)j >0 }

Because of this in the isotropic case negative reabsorption, which is

(18}

" characterized by transfer of energy from radbation electroms, is impossible.
Therefore the statement that such reabsorption is possible for N(F) increasing
faster than E2 [5] is untrue. The situation described above of Compton
reabsorption is completely analogous to that which was discussed at one time
"in analysis of negative reabsorption in a vacuum for synchrotron radiation

[12].



In astrophysical applications. the most interesting case is that of two types ‘
of photon distribution: l)v}n?)oaf-i /for £SELE - the high brightness tem~
peratures (higher kinetic electron temperatures) being observed in a compar-
“atively narrow energy interval, at least &-& <<dis,,/ ; 2) the distribution of
photons in the form of two linesfﬁjiﬁsﬁinQSﬁgj/, where the lines maf‘be
considered to be two narrow spectral areas the distance between which is much

greater than the width of these areas.

1) In the first case there is basically scattering on change in photon
energy Aem~e. The expression for induced losses (induced heating) may. be
obtained directly by substituting (2) in expression (17). But in the present

approximation probability (2) assumes the form [13]
| W) < f e - flgd

If the energy interval is cemparatively wide Q= = & 3tjthe heating is determined

A" fm) "T‘ “"'f’/ Z) %'Zﬁ/

, ﬁw)“(ﬂﬁ'#ﬁs the spectral index function. If the energy interval is narraw, /17 R

by the formula

(18}~

this being characteristic of lines A << 1, then expression (18) assumes the form

e

P" 'F(;L)a !:-’;;zcu,pa' é’near /

Such a function of A 1is understandable, since .in the ideal case induced procesées
play no role in monochromatic waﬁes {1]. The typical quaﬂtity determining
the efficiency of induced Compton electron heating is ® _- the ratio of the
induced heating rate to the spontaneous Compton losses:

el

X - }Pw{ F(G() /??c' ' ‘ ;&2‘{ ‘,-/ (20)1

in this formula it is evident that the efficiency of induced Coﬁpton heating
decreases rapidly with increase in the electron energv. BEven in the most
intensive sources, in which the value of the radiation brightness temperature
14, 1s great, the maximum value of the energy to which electrons may be heated

is determined by the value of (de< 1): A i;;)14 /

-~ - 2 /A4 .
Lo ’“C._,,f/ (21)



For higher electron energies the spontaneous Compton losses rapidly reduce the

!

energy of the electrons to this value. For narrow spectral lines formula (20)

myst be multiplied by 4%, and

" parenthesis.

in (21) the factor AZ should be introduced at the

2} In the second case expression (17} is easily integrated

When ¥ << 1 we get

NS

The clearest and most interest

p ;cf;p,("‘iﬁo’ﬁf‘—f-')(””‘ )4 f- 32 o4t 22l m/&z»/}j/
T H&”'?f f:#;‘;/

] p,“JNP 0, (51 ;) @ #(’) cg‘[’”‘)

ing case is that in which p and y =1

17 "2

e N .
(e, ¥ 4¥%¢.). Tn this case the spontaneous losses are determined by the losses
2 1 P .

arising in the scattering of photons from energy region e

losses, both transitions being

T, is the radiation brightness

evident from this expression

cant than in case 1.
® o ff5

It may be said that 1n thls ca

s

‘is most effective when -there 1

equilibrium the electrons neit

being of the order E~ KT, Af

the electrons and the radiatio

1 The total energy
taken into account, are determined hy the relation

- {23)

@
temperature in the photon energy region. As is

,.the efficiency of induced heating is more signifi4

T

f ;«FI 5’1"9‘! for & >,0“i (24)

se the process of establishment of equlllbrlum
s gredt variation in the’ photon ‘energy. At
her lose nor gain energy, the electron energy
ter rapid establishment of equilibrium between

n in the second line (in the second spectral in-

terval) a slow process of establishing equilibrium between electrons and radia-

tion with small photon energy variation takes place insideithe first spectral

interval.. (This is of course a simplified qualitative picture of the

phenomenon., )

10



From the astrophysical point of wview:it is interesting to evaluate the

role of induced Compton scattering by rélativistic electrons in certain cosmic

; sources. The characteristic quantities in this sense are the values of the
. optical thickness for Compton reabsorption as determined by formulas (15) and

;(16},-and also quantity'aidetermined from (20} or (24). The optical thickness

value determines the distortion of the source spectra; if t > 1, then the.
distortions of the spectra due to induced Compton scattering may be neglected.

For the distortion to be:Significant it is necessary that

> = -
.2/ R . (25) .

The spectral distortions may obviously be significant even at small values

of & in sufficiently dense sources.

In quasars and quasar-like phenomena the most intensive region of infrared.

. and submillimeter radiation is characterized by brightness temperatures

KT = UD eIU3 ync# {(for sources of dlmen51ons?determ1ned from observed variations

of optical and infrared radiation, 4 € Ioﬂhl' . In spite of such high bright-

ness temperatures, ® << 1, and the 1nf1uence of induced heating of electrons

con the scattering of electrons will be disregarded. The question of whether

induced Compton scattering by relativistic electrons produces any distortions

of the source spectra depends, of course, on the density of the relativistic

electrons. Using (15) and (16] we have for !—2-+ 5, é'_ . Oa'“cg--

-!N“‘ ety d
t“ 3.[(;) W“‘tojz—c(c.’(( :
T.:= t:(“-_g—f') 0T, e ! ,
If we assume that 0.1 < TC‘{‘l, then i%iis entirely reasonable to assume

that t- > 1. We have seen that this maximum value of optical thickness is
i

‘reach-d at photon energies ey '2x corresponding in our caseé to a freguency.

4*

of approximately=~10% Hz. Obv1ously these estimates will vary substantially
!

in favor of the presence of distortions due to induce Compton scattering, if it.

‘is assumed that B, = 10 me? . T,- [ %4, T x(0%.10%)c,

. e o !

Consequently, if in quasars the density of relativistic electrons with energies.
8

7 3 '
£ 10 me2 exceeds 10° to 10° cm”, then we should observe significant distortion |,

of the spectra due to induced Compton scattering. The value and range of the

11°

/20

.,
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frequencies in which these distortions should be observed depend on the specific

quasar model.

In OH and HZO maser radiation sources the brightness temperature of the
radiation reaches values of TEQIDIQ- of6 . In spite of this the efficiency
of Compton heating 9@ << 1, since the vaiue;gﬁj& is small (because of the narrow-

ness of the maser radiation lines).

In pulsars, in which the radiation brightness temperature exceeds the ;
temperature of maser sources by ten orders of magnitude, > 1, up to electron
energies £ s (10 - 10°)md . In this instance (for example, the pulsar in Crab
Nebula PO 532), we have a case in which radiation is present with high brightness
temperatures at the radio and opt1ca1«frequenc1e§J (xT 2 ﬁﬂa - 10%) mc? jafig;]fﬂ
this apparently may assure rapid heating of the electrons to these temperatures
Moreover, spectral distortions shoutd be observed for pulsars in a number of

models [14] t_ > 1. It is true that the treatment presented for pulsars is

“purely qualitative in nature since in pulsars it is necessary to take into

account the sharp anisotropy of radiation.

12
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